Introduction
Iron making blast furnaces may be described as continuously operated counter current shaft reactors that are lined with carbon and oxide based refractory materials. Minimising refractory degradation in the blast furnace hearth is necessary to achieve the typical operational furnace life of 20 years or longer. The hearth refractories are principally carbon or carbon based and may also be lined with aluminosilicate and alumina-carbon refractories at the hot face. 1) Refractory degradation mechanisms include, thermal cycling, erosion via the flow of iron and slag, abrasion with coke, reactions with the liquid phases (iron or slag) and reactions with the coke ash remaining after coke dissolution in liquid iron.
Coke is a key reagent in a blast furnace and may contain up to 15 mass% ash. This ash component often contains significant amounts of silica. 1) This coke ash may react and degrade the furnace hearth refractories if it persists in the coke until it is lower in the blast furnace. While the coke added to the blast furnace may contain significant amounts of silica there is evidence that suggest that much of this silica is reacted from the coke prior to it arriving in the hearth
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region of the furnace. [2] [3] [4] [5] [6] In a blast furnace dissection study by Ono 2) it was found that coke excavated from lower in the furnace had lower SiO 2 compositions. The lower regions in a blast furnace generally experience higher temperatures (see Fig. 1 2) ).
The laboratory study by Chapman et al. [3] [4] [5] [6] on coke dissolution in liquid iron reported silica depletion in coke reacting with iron. Further, it was found that the coke ash products formed during dissolution of coke into liquid iron were comprised of various calcium aluminates.
The SiO 2 depletion of coke in the Ono 2) and Chapman et Fig. 1 . Change in SiO2 content in coke with increasing temperature in a blast furnace. 2) al. [3] [4] [5] [6] studies may be explained by the evolution of SiO(g) as shown in Eq. (1) .
The formation of SiO(g) allows silica depletion to occur as the gas is free to leave via the furnace off gas or to react with the liquid slag or hot metal.
The reactions in the hearth between coke ash minerals and refractory materials are not well understood and there are limited studies that report on key reactions that may be taking place. In a recent study by Monaghan et al. 7) on the reaction kinetics of CA (CaO·Al 2 O 3 ) and CA2 (CaO·2Al 2 O 3 ) on aluminosilicate hearth refractories, the reaction kinetics were found to be consistent with a linear kinetic model. This indicated the formation of a non-protective reaction layer which did not slow the rate of reaction. This may be due to high porosity, spalling or possible liquid formation in the reaction layer.
The CaO·Al 2 O 3 , CaO·2Al 2 O 3 and CaO·6Al 2 O 3 (denoted as CA, CA2 and CA6 respectively) oxides were selected as representative coke ash minerals known to be present in the blast furnace hearth based on the findings of Chapmen et al. [3] [4] [5] [6] Further, Energy Dispersive Spectroscopy (EDS) and thermodynamic analysis indicated that plagioclase (CaO·Al 2 O 3 ·2SiO 2 ) and melilite (2CaO·Al 2 O 3 ·SiO 2 ) were formed at the calcium aluminate-aluminosilicate refractory interface. It was argued that the formation of these minerals could result in degradation of the blast furnace refractory through spallation. The methodology from Monaghan et al. 7) was utilised in this study however hearth refractory used was an alumina-carbon based material. Specifically, the focus of this study is the reactivity of calcium aluminates CA, CA2 and CA6 on alumina-carbon refractory.
Experimental
Full details of the experimental setup are given elsewhere. 7) A series of tests at temperatures (1 450°C, 1 500°C, 1 530°C and 1 550°C) representative of a range of hearth conditions and at different reaction times (4, 8, 12, 18 and 24 hours) were conducted on couples of alumina-carbon refractory and calcium aluminates CA, CA2 and CA6. The experiments were conducted under Argon and the samples were furnace cooled prior to post experimental characterisation with scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). The EDS values quoted are given to 1 decimal place and show a blank when the oxide or element was not detected.
After testing, any reaction layer observed at the interface of the refractory-calcium aluminate reaction couples was measured using image analysis. An example of the thickness measurement is shown in Fig. 2 . Approximately 90 thickness measurements were taken for each reaction couple and the average reported as the layer thickness.
Materials Preparation
Synthetic calcium aluminates (CA, CA2, CA6) were produced and the interface surface prepared via the methods outlined by Chapman et al. 3, 4) and used in previous work. 7) Their structures were confirmed using x-ray diffraction. BlueScope provided an alumina-carbon refractory repre-sentative of materials typically used in an ironmaking blast furnace hearth. The homogeneity of this material was confirmed after an extensive characterisation study. 8) This was done via SEM of samples from various locations throughout the refractory brick. No large defects were observed and microstructure and phase distribution was found to be consistent. The refractory consisted of corundum (Al 2 O 3 ), graphite and anthracite phases (see Table 1 ).
All the materials used in this study were polished to achieve a surface roughness of less than 3 μm prior to use as a reaction couple in the experimental setup. The polishing and cleaning schedule used for the alumina-carbon refractory was developed to prevent contamination of the sample and to achieve the required surface roughness for the hard alumina grains and soft carbonaceous matrix phase. Contact atomic force microscopy was used to confirm the required surface finish was achieved on each of the reaction couple materials.
Results and Discussions
The SEM micrographs produced for each reaction couple are shown in Fig. 3 with the reaction interface indicated by a white rectangle and EDS spot analysis locations clearly marked. EDS elemental mapping was also conducted ( Fig.  4) and was used to identify the reaction interface region in conjunction with SEM micrographs by variation in composition from the bulk calcium aluminate and refractory. The EDS analysis was used to identify the likely phases present at the reaction couple interface. The EDS compositions and identified phases are given in Tables 2-9 . The thermodynamic modelling software MTDATA 9) was used to predict phase compositions under the reaction couple experimental conditions and then phases were assigned to the corresponding EDS spot analysis results. Tables 2-9 are referred to throughout this study to determine which phases were actually observed at the reaction interface for each of the reaction couples tested. It was found that alumina-carbon -CA reaction couples formed CA2 and melilite in the reaction layer between the two materials. The alumina-carbon -CA2 reaction couples formed CA6 in the reaction layer often with the needle like structure typical of CA6. The reaction layer thickness was found to increase with CaO content of the synthetic coke ash material (calcium aluminates), the reaction temperature and the reaction time in both CA & CA2 reaction couples. No reaction was observed in any of the alumina-carbon -CA6 reaction couples over the time scale and temperatures tested and therefore these results have not been presented. Monaghan et al. 7) found CA6 also failed to react with aluminosilicate refractories over the same reaction times and temperatures.
MTDATA 9) was used to calculate the phase stability diagrams for the alumina-carbon -calcium aluminate reaction couples as shown in Figs. 5, 6 (see Table 10 for the key for these diagrams). These calculations excluded the carbon component of the alumina-carbon refractory. While this approach limits the applicability of the thermodynamic data, precluding carbide formation, from an equilibrium perspective it should represent well the alumina grains in the hearth refractory reacting with the calcium aluminates. The phase stability calculations assumed a system mass of 1 kg at 101.325 kPa to allow the y-axis units to be read as mass% (phase). The diagrams in Figs. 5, 6 show the phase stability of different mass ratio mixtures of the alumina (i.e. representing the alumina grains in the alumina-carbon refractory) and the calcium aluminates at temperatures from 1 450°C to 1 550°C. The left hand sides of the figures represent the non-carbon components of the refractory and the right hand side the pure calcium aluminate. The phases inbetween represent possible reaction products formed under the experimental conditions. The phase stability diagrams (Figs. 5, 6) show the formation of a liquid oxide is possible for the reaction couples tested. The amount of predicted liquid oxide can be seen to increase with temperature (i.e. going from a) to c)) and the CaO content of the calcium aluminate (i.e. more liquid oxide was predicted for CA than CA2). This is shown by the decrease in mass fraction of this phase going from Figs. 5, 6. The formation of any liquid oxide phase will have a significant impact on rate of reaction at the refractory-calcium aluminate interface. The phase stability diagrams developed in MTDATA (Figs. 5, 6) show most stable phase fields were predicted to contain two or three phases. A comparison of the phases predicted via MTDATA and the phases identified via EDS spot analysis is given in Tables 2-9 . From the data in Tables 2-9 it was found that not all the phases (i.e. compositions representing the phases) predicted in the phase stability diagrams (Figs. 5, 6) were found in the reaction couples.
There are a number of possibilities for the differences in the phases identified at the interfaces of the reaction couples and that predicted by the MTDATA thermodynamic analysis. Given the kinetic experiments represent a point in time of a reaction process and MTDATA only represents equilibrium phases, it may be that the phases predicted by MTDATA have not yet had time to evolve or are unlikely to evolve as a result of a large activation energy for their formation.
These experiments are carried out at high temperature and the interfaces are inspected at ambient temperature. Table 3 . The EDS spot analysis of the alumina-carbon -calcium aluminate couples for the temperature series experiments after 4 hours at 1 500°C shown in Fig. 3(a The working assumption is that these ambient phases are representative of the high temperature condition. There are always limitations of such an assumption creating uncertainty in the kinetic experiments. There is the obvious, that any liquid formed is not stable at low temperature and transforms to other phases on cooling. This may also be true for some of the other high temperature phases. There is also uncertainty in the EDS analysis. This is principally due to the electron beam overlapping phase boundaries resulting in an aggregate representation of both phases, or sub-surface penetration of the beam producing characteristic spectrums for "unseen" elements or phases. This is unavoidable in multiphase regions and can result in mis-identification of phases with phase compositions near a phase boundary transition. To some degree, X-ray diffraction analysis of the reaction layer would eliminate these issues however the nature of the reaction couples and the reaction interface post experiment prohibited preparation of a sample suitable for this analysis technique.
The formation of CA6, melilite (2CaO·Al 2 O 3 ·SiO 2 ) and corundum (Al 2 O 3 ) were all found to be time dependent as each of these phases were only observed after reaction times of 8 hours or greater. In the case of CA alumina-carbon refractory at 1 500°C the formation of melilite was only observed at 12 hours (Table 7 ) and the formation of CA6 and corundum was observed at 18 and 24 hours (Tables 8 and  9 respectively). In the case of CA2 alumina-carbon refractory at 1 500°C, the formation of corundum was observed from 4 hours ( Table 5 spot 2) and CA6 was observed from 8 hours (Tables 6-9 ). Plagioclase (CaO·Al 2 O 3 ·2SiO 2 ) was not observed in any of the spot analysis results however elemental mapping shows high silicon phases were present in the CA reaction couples from 4 hours ( Fig. 4 ) and 8 hours in the CA2 reaction couples. These high silicon phases may be melilite or plagioclase.
Melilite was only observed at 1 500°C after 12 hours of reaction time (Table 7) . This indicates the formation of melilite is time dependent. Melilite was not predicated at reaction temperatures above 1 500°C indicating that the melilite may have formed as the sample was cooled to room temperature. This may be due to the slow reaction kinetics, i.e. the sample not achieving the equilibrium shown in the phase stability diagrams, or it may be the result of a liquid oxide present at the experimental temperature solidifying upon cooling to room temperature. The formation of liquid oxide at the higher temperatures is more likely due the higher reaction rates. The rate of reaction for most high temperature refractory reaction processes follows simple kinetics where the rate is in part proportional to a rate constant k. 10) This k may be representative of mass transfer or chemical reaction control kinetics. Temperature effects on k can be predicted by the Arrhenius relation given in Eq. (2) 10) where k O is a pre-exponential constant, Q is the activation energy; R is the gas constant and T is the absolute temperature. Equation (2) demonstrates the exponential relationship between the rate constant (k) and temperature, where an increasing temperature increases the rate of reaction via a higher rate constant (k). The phase stability diagrams (Figs. 5, 6) predicted the formation of a liquid oxide phase at higher temperature and with high CaO calcium aluminates, however no liquid oxide was observed directly in the post experimental SEM analysis conducted at ambient temperatures. Indirect evidence of liquid oxide formation was observed in the SEM micrographs ( Fig. 3 ) such as the formation of rounded pores in the reaction layer. These pores can also be produced by solid state reaction that causes volume change and thus is not conclusive evidence of liquid oxide formation.
The approximate composition of the liquid oxide phase is 35 mass% SiO 2 , 32 mass% Al 2 O 3 and 33 mass% CaO, as predicted by MTDATA. 9) During cooling of the reaction couple to room temperature prior to the SEM and EDS analysis, the liquid oxide composition could easily solidify to form melilite and plagioclase. Melilite was identified in Table 7 indicating a liquid oxide phase may have been present at the experimental temperature.
Reaction Kinetics of the Alumina-carbon Calcium
Aluminate Couples Using the reaction layer thicknesses data, CA and CA2 reaction couples with the alumina-carbon refractory reaction couples were assessed for logarithmic, linear and parabolic reaction kinetics. Equations representing these kinetic regimes are given in Eqs. (3) to (5), 11, 12) x k t B 11, 12) where x is the reaction layer thickness, k is a rate constant, t is time, A, B and C are constants and the subscripts par, lin and log denote parabolic, linear and logarithmic respectively. Figs. 7, 8 are graphics representing and the logarithmic, linear and parabolic kinetics for the reaction couples of alumina-carbon, CA and CA2 respectively. The solid line represents a best fit regression line and the R 2 value is a measure of degree of fit.
The reaction kinetics were best represented by the parabolic rate law (Eq. (3)) 11, 12) with R 2 values greater than that of both logarithmic and linear. The difference in degree of fit of the parabolic and logarithmic approaches was small. Therefore it is not possible to eliminate logarithmic reaction kinetics as the controlling system in the alumina-carbon -calcium aluminate reaction couples. As there was no observable reaction in the CA6 refractory couples over the experimental timescales it can be stated that its reaction rate is slower than that of CA and CA2 couples.
The CA and CA2 reaction couples were observed to form reaction layers with high porosity at temperatures of 1 500°C or greater (Fig. 3) . The formation of reaction layers is typical of systems with parabolic and logarithmic reaction kinetics as the reaction layer acts as a barrier slowing the rate of reaction. The impact the reaction layer has on slowing the reaction kinetics is dependent on the degree of porosity, composition uniformity and the susceptibility to spalling. Lower porosity and greater composition uniformity will reduce the rate of reaction. Spalling of the reaction layer material increases the rate of reaction by exposing fresh unreacted refractory to the calcium aluminates. Evidence of spalling for all the CA reaction couple can be observed in Fig. 3 . The formation of a liquid phase at the reaction interface can also act to increase rate of reaction by increasing reaction layer porosity and susceptibility to wear and spalling. There is some indication that a liquid oxide phase may have formed in the reaction couples however this cannot be determined conclusively with the experimental method utilised.
The trend of increasing reaction layer thickness with greater Ca 2 + content of the calcium aluminate observed by Monaghan et al. 7) for the aluminosilicate refractory was also found when testing the alumina-carbon refractory in this study. This indicates that Ca 2 + plays a key role in the reaction kinetics of refractory -calcium aluminate couples. This may be due to a greater thermodynamic driving force for reaction or high rates of calcium transfer in the higher Ca 2 + calcium aluminates (CA and CA2).
Influence of Reaction Products Properties on Refractory Degradation
The formation of different reaction products shown in Tables 2-9 at the refractory-calcium aluminate interface can result in large variations in unit cell volume, density and the thermal expansion coefficient, as shown in Table  11 . From Table 11 , it can be seen that there is a substantial difference in the thermal expansion coefficient of corundum (19 × 10 − 6 /K) and the various reaction products (24 × 10 − 6 /K for CA2 and 7.2 × 10 − 6 /K for melilite). This change in the thermal expansion coefficients of the phases at the refractory surface may increase the susceptibility of the reaction layer material to thermal spalling under the cyclic temperature conditions typical of a blast furnace hearth.
The formation of CA2 and melilite (Tables 2-9) in the CA and CA2 reaction couples is likely to create localised stresses due to the large changes in the unit cell volume (351% increase for CA2 formation and 352% increase for melilite formation compared to corundum) shown in Table  11 . There is evidence this may have resulted in spalling of the reaction layer in the alumina-carbon -CA reaction couples in Fig. 3 . For clarity, this figure has been reproduced in Fig. 9 for the CA alumina-carbon refractory couple at 1 500°C with labelling focussed on spalling.
The wear resistance of a refractory can be degraded by the formation of lower liquidus temperature phases (calcium aluminates, plagioclase and melilite) compared to the refractory phases (mullite and corundum). The potential formation of a liquid oxide phase at the experimental temperatures, as predicted by the phase stability diagrams (Figs. 5, 6 ), would further accelerate refractory degradation via mass loss and reduce wear resistance.
Refractory -Coke Ash Reaction Kinetics in the
Blast Furnace Hearth The blast furnace hearth contains liquid iron, coke and coke ash minerals, each of these materials can come in contact with the hearth refractory causing wear by either physical or chemical interactions. Therefore a key weakness of the methodology utilised in this study is the absence of liquid iron at the reaction interface. The absence of liquid iron from the reaction interface is likely to be representative of conditions in the blast furnace due to the non-wetting behaviour of liquid iron with calcium aluminates 19) and dense alumina grains. 20) This method does not account for any interactions with [Si] in a liquid iron bath, which can be as high as 0.9% at 1 550°C. 21) These interactions may result in larger volumes of low melting point phases (plagioclase and melilite) forming at the refractory -coke ash interface. The experimental method does not simulate the cyclical coke bed float-sink conditions that can occur in a blast furnace hearth. 22) These cyclical conditions would increase the removal rate of any reaction products via high iron flows or coke bed movement and subsequently increase the wear rate.
Conclusions
The reactions at the interface between synthetic coke ash minerals (calcium aluminates CA, CA2 and CA6) and an alumina-carbon blast furnace hearth refractory were characterised in this study. It was concluded that the kinetics of the refractory reaction with the CA and CA2 were consistent with the parabolic rate law. However both coke ash minerals were also found to have a good fit with the logarithmic rate law. Parabolic and logarithmic kinetics are typical of a material that forms a partly protective reaction layer. Partly protective reaction layers may be a result of the reaction product layer spalling or having small amounts of porosity or liquid formation. The kinetics of reaction for the alumina-carbon refractory -CA6 reaction couples was slow, much slower than that of the CA and CA2 with the aluminosilicate. Thermodynamic analysis and experimental observations found the rate of reaction to be dependent on temperature and the CaO composition of the synthetic coke ash. Thermodynamic analysis conducted using MTDATA found that liquid oxide formation at the experimental temperatures (1 450°C-1 550°C) was possible although it was not directly observed in the refractory-calcium aluminate reaction couples. However, there was some micro-structural and composition evidence that indicated it may have occurred at the experimental temperatures tested. The formation of a reaction layer of melilite, plagioclase or CA is likely to increase the rate of refractory spalling in the blast furnace hearth due to the collective effects of the volume and thermal expansion changes of the reaction products.
